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Immunocompetence in workers of a social insect,
Bombus terrestris L., in relation to foraging
activity and parasitic infection
Claudie Doums and Paul Schmid-Hempel
Abstract: The immune system is a general mechanism that reduces the fitness cost of parasitism. In this study, we ex-
amined variation in immune responses under natural conditions in the bumblebee Bombus terrestris. Using 14 colonies
reared in the field, we compared the immune response to an artificial implant between workers that could or could not
forage (86 control and 91 nonforaging workers). Foraging activity was prevented by cutting a large part of the wings.
As expected, control workers had lower immune responses than nonforaging workers in 10 of 14 colonies. Overall, the
treatment effect was significant even though weak, suggestive of a trade-off between immune defence and foraging ac-
tivity. We also examined the environmental factors that might covary with the immune response in workers. The im-
mune response significantly decreased in workers that were naturally infected by the intestinal parasite Crithidia bombi
and increased with a measure of colony success, the maximum number of workers. These correlations suggest that the
strength of immune responses reflects individual, and hence colony condition. 1066
Doums and Schmid-Hempel Résumé : Le système immunitaire est un mécanisme de défense qui permet de réduire le coût du parasitisme. Nous
examinons ici la variation de la réponse immunitaire sous des conditions naturelles chez le bourdon Bombus terrestris.
A partir de 14 colonies placées en conditions naturelles, nous avons comparé la réponse immunitaire à un implant arti-
ficiel chez des ouvrières qui pouvaient ou non voler. Afin d’empêcher le vol, une grande partie des ailes a été coupée
(86 ouvrières témoins et 91 ouvrières mutilées). La réponse immunitaire des ouvrières témoins s’est avérée plus faible
que celle des ouvrières mutilées, comme l’on pouvait s’y attendre d’après l’hypothèse d’un coût relié à l’activité de
vol. Dans l’ensemble, l’effet du traitement était significatif, quoique faible, ce qui indique l’existence d’une compensa-
tion entre les défenses immunitaires et l’activité de vol associée à la recherche de nourriture. Nous avons également
étudié les facteurs environnementaux qui pouvaient covarier avec la réponse immunitaire des ouvrières. La réponse im-
munitaire diminuait significativement chez les ouvrières infectées naturellement par un parasite intestinal Crithidia
bombi et augmentait avec le nombre maximum d’ouvrières, mesure du succès de la colonie. Ces corrélations suggèrent
que l’intensité de la réponse immunitaire est un indicateur de la condition des individus et donc de la colonie.
Introduction
The complex immune system of most animals is, perhaps,
the most striking evidence for the strong selective pressures
exerted by parasites on their hosts. A major role of the im-
mune system is to minimize invasion by and proliferation of
various parasites (Schmidt and Roberts 1989). It thus adds to
a range of defence strategies that involve variation in repro-
ductive systems (Lively 1987; Jokela and Lively 1995),
behaviour (Read 1990; Müller and Schmid-Hempel 1993;
Poulin et al. 1994), and life-history traits (Hochberg et al.
1992; Michalakis and Hochberg 1994; Møller 1997a). How-
ever, only a few recent studies have considered immune de-
fence as a trait that can be studied with an evolutionary-
ecological approach (for a review see Sheldon and Verhulst
1996).
Given that the amount of resources available for vital
functions is limited, individuals have to allocate their re-
sources between competing needs, such as reproduction,
growth, and immune defence. Allocation to immune defence
can thus be analysed from a life-history perspective (Stearns
1992), wherein costs and benefits of allocating resources to
competing needs are balanced to achieve maximum individ-
ual fitness. Consequently, a basic requirement is to show that
trade-offs between immune defence and other functions ex-
ist, and to analyze the covariation between immune defence
and components of fitness. To date, few animal studies have
been conducted with such objectives. One such study per-
formed on birds showed that individuals with higher im-
mune responses survived better into the next breeding season
(Saino et al. 1997a). Moreover, it has been shown that allo-
cation to immune defence has been traded for reproduction
in birds (Ots and Horak 1996; Deerenberg et al. 1997),
competitive ability (Kraaijeveld and Godfray 1997; Fellowes
et al. 1998a) and reproduction (Fellowes et al. 1998b, 1999)
in Drosophila, and foraging activity in the social insect
Bombus terrestris (König and Schmid-Hempel 1995). Note
that these trade-offs do not always demonstrate the same
kinds of costs. Using a selection experiment, Kraaijeveld and
Can. J. Zool. 78: 1060–1066 (2000) © 2000 NRC Canada
1060
Received October 8, 1999. Accepted January 25, 2000.
C. Doums1 and P. Schmid-Hempel. Eidgenönische
Technische Hochschule Zürich, Experimental Ecology, ETH-
Zentrum, NW, CH-8092 Zürich, Switzerland.
1Author to whom all correspondence should be sent at the
following address: Université Pierre-et-Marie Curie,
Laboratoire d’écologie, Bâtiment A 7e Et, Unité de
recherche associée no 7625 du Centre national de la
recherche scientifique, quai Saint Bernard, B.P. 237, 75252
Paris CEDEX 05, France (e-mail: cdoums@snv.jussieu.fr).
J:\cjz\cjz78\cjz-06\Z00-035.vp
Tuesday, June 13, 2000 11:50:05 AM
Color profile: Disabled
Composite  Default screenGodfray (1997) and Fellowes et al. (1998a) clearly demon-
strated a fixed cost for the immune system, i.e., the cost of
building and maintaining it. On the other hand, Fellowes et al.
(1998b, 1999) demonstrated a variable cost for the immune
system by showing that individuals that have encapsulated a
parasitoid, i.e., that have temporarily increased the energy
invested in the immune system, have reduced fecundity.
Immunity in insects is less complex and less specific than
in vertebrates and an immunological memory is largely ab-
sent (Faye and Hultmark 1993; Pathak 1993; Beck and Habicht
1996). Insect immunity is, however, based on the same major
components, the humoral and cellular reactions. The humoral
reaction consists of some antibacterial peptides and proteins
such as lysosymes. The cell-mediated defence is based on
haemocytes. Haemocytes perform phagocytosis against small
objects and encapsulation, i.e., aggregation and capsule forma-
tion, against large objects. The process of encapsulation is
based on the melanin–phenoloxidase cascade. An integral
part of this reaction is the melanization of the cells that form
the capsule (Karp 1990). Therefore, in insects measuring the
intensity of melanization provides a straightforward and use-
ful way of estimating the efficiency of immune responses.
Social insects are a good model in which to study the im-
mune system with an evolutionary-ecological approach. By
living in groups of closely related individuals at high local
densities, social insects are especially prone to parasitism
(Schmid-Hempel 1998). Moreover, typically only one indi-
vidual, the queen, reproduces, while maintenance and paren-
tal effort, in the form of foraging and nursing the brood, is
provided by the workers. Foraging in flying social insects
such as bees is energetically very demanding and directly re-
lated to colony success (Seeley 1985; Schmid-Hempel et al.
1993); also, it has the advantage of being amenable to exper-
imental manipulation. In this study, we tested for a trade-off
between immune defence and foraging activity under field
conditions, using 14 colonies of the bumblebee B. terrestris.
We specifically investigated a variable cost for the immune
defense by temporarily preventing foraging, and therefore
increasing the energy available, and looked at the conse-
quences for the ability to resist against a foreign body. Our
study extends the experiment of König and Schmid-Hempel
(1995), which was conducted under seminatural conditions
and on three colonies only. In addition, we examine the ex-
tent of covariation between our measure of immune defence
and both natural infection by intestinal microparasites and
components of fitness.
Materials and methods
Bumblebees are annual eusocial insects and only the fertilized
queens overwinter to start their own colony the next spring. Queens
of B. terrestris generally mate only once (Schmid-Hempel and
Schmid-Hempel 2000). Sixty such spring queens of B. terrestris
were caught in the field at the end of March 1997 in areas around
Basel, Switzerland. They were brought to the laboratory and kept
at 28°C in plastic boxes with pollen and sugar water ad libitum.
Twenty-nine queens initiated colonies, and these were transferred
to artificial nests after the first workers emerged. When the colo-
nies had at least eight workers and healthy brood (typically around
mid-May), they were put in field boxes and transferred to a field
site close to where they were initially caught. Details of these pro-
cedures have been described elsewhere (e.g., Müller and Schmid-
Hempel 1992). A total of 21 colonies were put in the field but only
15 managed to meet our a priori criterion for a colony to be included
in the experimental design, which was to have at least 20 workers.
To test for a trade-off between foraging activity and immune de-
fence, we manipulated the foraging ability of workers by cutting
their wings (see below). The experiment was performed over a pe-
riod of 5 days at the end of June 1997. On the day of manipulation,
a random sample of workers (from 20 to 50% of the worker force)
was taken from the colonies early in the morning before the onset
of foraging activity. In one colony, all the workers were used, be-
cause the queen had died. The workers were then anaesthetized
with CO2 and operated on, following the design explained below,
to trigger an immune response. The experimental workers were
subsequently assigned at random to one of the following two treat-
ments. For the group of “nonforaging workers,” both forewings
were cut so that flying was impossible. For the “control workers,”
both forewings were cut only slightly, similar in degree to the natu-
rally occurring wear and tear wings experience, to control for the
effect of the cut itself. All bees were individually marked and im-
mediately returned to their colonies where they resumed their nor-
mal activities. In the evening, after about 10–12 h of daylight
activity, the experimental workers were caught (overall, 83% of the
marked workers were recovered), immediately freeze-killed in liq-
uid nitrogen, and stored at –80°C for later inspection. On average,
13 bees (range 8–22) were analyzed per colony. Apart from the ex-
perimental days, the colonies were also checked every 4 days dur-
ing their time in the field and the number of workers and sexual
individuals (drones, daughter queens) noted. Because of inclement
weather and the experimental procedure (removal of workers),
too few sexual individuals were produced for statistical analyses.
We, therefore, used the maximum number of workers, a well-
established correlate of sexual productivity (Müller and Schmid-
Hempel 1992; Schmid-Hempel et al. 1993), as an indicator of col-
ony success. A few days after having performed the experiment,
most of the colonies started to produce males, indicating that most
of the worker production had stopped at that time (Duchateau and
Velthuis 1988). The estimate of the maximum number of workers
is, therefore, unlikely to have been affected by the experimental
procedure.
To obtain an estimate of the efficiency of the immune response,
we triggered an immune response by implanting a small filament
of nylon (diameter 0.3 mm and cut to a length of 0.5 mm), in the
abdomen of the bee. On the day of the experiment, after having
narcotized the bees, we first made a hole though the intersegmental
membrane between the third and fourth sternite using a thin nee-
dle. We then inserted the foreign body through the hole so that it
was exposed to the circulating haemolymph and, thereby, able to
provoke an immune reaction. After the operation, the bees recov-
ered quickly and the implant stayed in the abdomen for the dura-
tion of the day of the experiment. After the experiment, the implant
was recovered from each frozen bee and mounted on a microscopic
slide with Eukitt. In insects, the cellular component of the immune
defence consists of the encapsulation of the object by haemocytes,
accompanied by a process of melanization (Götz 1986). The num-
ber of cells and the amount of melanin deposited on the implant
can, therefore, be estimated by the darkness of the implant. We
measured the grey value of the implant under standard illumination
with a video-imaging system, corrected for the darkness of the
background (i.e., the mounting), as described elsewhere (König
and Schmid-Hempel 1995; Schmid-Hempel and Schmid-Hempel
1998). This measure has arbitrary units and mostly reflects the de-
gree of melanization, but it is a useful indicator for the general
level of an immune response. The use of an artificial implant has
the advantage that no additional interference, for example geno-
typic interaction with the host, occurs, as would be the case with
a real parasite. The unavoidable slight variation in the size (length)
of the implants did not affect the immune response (r = –0.07,
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to treatment.
For each worker, we also measured the following parameters:
body size as the length of the radial cell in the forewing (Bertsch
1984), dry mass of the abdomen, and percentage of fat body mass
in the abdomen (as described in David et al. 1975 and Ellers 1996).
Body size and dry mass of the abdomen were highly correlated
(r = 0.76, df = 176, p < 0.0001), and thus gave the same informa-
tion. We, therefore, decided to consider only body size for the sta-
tistical analysis, this measurement being the most commonly used.
We also checked for natural infections by the following intestinal
parasites: Crithidia bombi (Trypanosomatidae, Zoomastigophorea),
Nosema bombi (Microsporidia, Nosematidae), and Apicyctis (Mat-
tesia) bombi (Apicomplexa, Neogregarinidae). Every colony had
at least one worker infected with C. bombi, with an average pre-
valence of 0.45 among colonies. Note that the probability of infec-
tion by C. bombi could not have been affected by our treatment,
since a novel infection requires 3–4 days to develop to a detectable
level (Schmid-Hempel and Schmid-Hempel 1993), a period much
longer than that of the experiment (12 h). No infection by A. bombi
or eggs of conopid flies were found and workers infected with
N. bombi were found in only one colony at a prevalence of 0.77.
Given that N. bombi strongly affects workers, and a colony as a
whole, (MacFarlane et al. 1995; Imhoof and Schmid-Hempel 1999),
this infected colony was excluded from further analyses.
We performed two main statistical analyses. First, the factors af-
fecting the immune response were examined using an ANCOVA
that included colony as random factor, treatment and parasitic in-
fection (i.e., with or without C. bombi) as fixed factors, and body
size and percentage of fat body mass as covariates. The interaction
terms involving parasitic infection were not included because this
would have led to a highly unbalanced design with missing cases.
Secondly, the factors affecting the probability of being infected
were examined, using a logistic regression model fitted with maxi-
mum likelihood estimation (McCullagh and Nelder 1983). In this
model, the dependent categorical variable was the infection state
(infected or not infected) and the independent variables were the
effect of colony as categorical factor and the immune response,
body size, and percentage of fat body mass as covariates. A back-
ward stepwise regression procedure was used to obtain a model
that included only significant terms (terms removed if p > 0.1).
The significance of each term was tested using the likelihood ratio
statistic (distributed as c2) obtained when removing the term of in-
terest. All statistical analyses were performed in SPSS 6.1. For the
ANOVA, the immune response was squared and percentage of fat
body mass was logarithmically transformed to meet the criteria of
normality and homogeneity of variances. For the colony parame-
ters, the maximum number of workers was logarithmically trans-
formed and the cocoon ratio (see below) and prevalence of
C. bombi were arcsine square-root transformed.
Results
The 14 colonies reached an average maximum size of
32.5 workers (range 20–50) and produced an average of 19.7
sexual individuals (drones and queens; range 0–68). Only
two colonies produced young queens (13 and 19 queens),
while 12 colonies produced males (range 1–49 males). The
sex ratio was, therefore, strongly male-biased, with a total of
240 males and 32 females (male ratio = 0.88). The mean
colony life span, from emergence of first workers, was 86.2 days
(range 50–114 days). The immune response could be measured
for a total of 177 workers in 14 colonies.
Nonforaging (wing-clipped) workers (back-transformed means:
79.57 ± 29.09 units, ±95% confidence interval; n = 91) mounted
a higher immune response than control (allowed to forage)
workers (74.74 ± 24.32 units; n = 86). The effect of the treat-
ment was weak but significant (p = 0.045; Table 1). Because
of the large uncontrolled variation in immune response
(the full model explained only 26% of the variance), the
power of the test at a significance level of 0.05 was low
(power = 0.33). This indicates that, more than half the time
the test was performed, the null hypothesis would not have
been rejected when it was false. More convincingly, the ex-
pected effect of the treatment was found in 10 of 14 colonies
(one-tailed sign test, p = 0.03; Fig. 1). In addition, because
foraging activity varies among individuals, we might expect
that variation in the immune response would be higher
among control workers than among nonforaging workers.
Within colonies, the coefficient of variation (CV) was indeed
significantly higher in control workers (mean CV = 54.58)
than in nonforaging workers (mean CV = 39.74) (mean dif-
ference = 14.83, paired t test t = 2.77, df = 13, p = 0.01,
using squared immune response and correcting for bias in
sample sizes (Sokal and Rohlf 1995, p. 58)). Note that this
difference in CV was not strong enough to lead to a viola-
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Parameter MS df Fp
Colony 18 838 474 13 3.01 <0.001
Treatment 25 503 323 1 4.07 0.045
Infection 38 105 601 1 6.08 0.015
Error 6 268 582 161
Note: The full model contained the interaction term
between colony and treatment (F[1,13] = 0.61, p = 0.84) and
the covariates that were not significant (percentage of fat
body mass, F[1,146] = 0.78, p = 0.38; body size, F[1,146] =
0.00, p = 0.99). The interaction between covariates and
main factors were not significant as assumed for the
ANCOVA. MS, unique mean squares.
Table 1. Reduced ANOVA model testing the effects
of colony, treatment, and infection by Crithidia
bombi on immune response.
Fig. 1. Strength of the immune response (back-transformed units)
per colony for nonforaging (open bars) and control (solid bars)
workers. The error bars indicate the back-transformed 95% confi-
dence intervals. Immune response is given in arbitrary units (see
text).
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the ANOVA presented in Table 1. Such variation in forag-
ing activity among control workers might, however, have re-
duced the possibility of detecting a highly significant treat-
ment effect. None of the covariates significantly explained
variation in immune response (Table 1). The immune re-
sponse varied significantly among colonies (Table 1; Fig. 1).
Part of the variation in immune response was significantly
explained by the infection state (infected or not infected)
(Table 1). A logistic regression confirmed this result by
showing that the infection state was negatively correlated
with the level of the immune response (likelihood ratio =
8.487, df = 1, p = 0.004; Fig. 2) and was significantly af-
fected by colony identity (likelihood ratio = 30.46, df = 13,
p = 0.004) (model goodness of fit, deviance = 210.74, df =
176). Individual body size and percentage of fat body mass,
as well as the interaction between immune response and col-
ony, were not significant at the critical level of 0.1, and were
thus removed from the model.
The colony where the queen died was excluded from anal-
yses of colony parameters, because the estimate of the maxi-
mum number of workers was not reliable in such a colony.
The correlations between the colony-average immune de-
fence, the prevalence of C. bombi, and the maximum num-
ber of workers were not significant at the level of 5%.
However, one colony behaved as an outlier (see Fig. 3), and
field notes indicated that this could be due to a difference in
the age of the workers. The colony-average worker age was
indirectly examined by looking at the cocoon ratio ((the
number of worker cocoons)/(the total number of workers
and worker cocoons)) 2 weeks before the experiment. As the
development time of a worker cocoon was ca. 10–12 days
(Duchateau and Verlthuis 1988), a low (high) ratio indicated
a corresponding proportion of old (young) workers on the
date of the experiment. The colony-average immune response
was positively correlated with the cocoon ratio (Pearson’s
r = 0.59, n = 13, p = 0.03; Fig. 3A). This result agrees with
the known negative effect of the worker’s age on the im-
mune response (Benelli 1998). The outlier colony character-
ized by a very low cocoon ratio and immune response
(Fig. 3A, star) was responsible for this correlation. Without
this colony, the correlation was no longer significant (Pear-
son’s r = 0.20, n = 13, p = 0.52). Note that this colony was
the only one to modify the significance of the regression
when removed. We, therefore, decided to re-estimate the
correlations between the colony parameters without this
outlier colony (old workers with low immune defence). The
average immune response for a colony then significantly
increased with the maximum number of workers (r = 0.73,
n = 12, p = 0.006; Fig. 3B). The prevalence of C. bombi was
not significantly correlated either with the maximum number
of workers (r = –0.39, n = 12, p = 0.20; Fig. 3C) or with the
colony-average immune response (r = –0.29, n = 12, p =
0.36; Fig. 3D).
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Fig. 2. Negative relationship between predicted probability of a
worker being naturally infected by Crithidia bombi and immune
response. The predicted probabilities were obtained from a logis-
tic model that included colony and immune response as de-
scribed in the text. Each symbol and the associated line depicts
the relationship for a different colony.
Fig. 3. Relationships between colony-average immune response
and the arcsine square-root transformed cocoon ratio ((number of
worker cocoons)/(number of worker cocoons and workers)) (A),
colony-average immune response and the natural logarithm of the
maximum number of workers (B), the arcsine square-root trans-
formed prevalence of C. bombi and the natural logarithm of the
maximum number of workers (C), and the arcsine square-root
transformed prevalence of C. bombi and colony-average immune
response (D). Each point is a different colony; the star represents
an outlier colony with an unexpectedly low cocoon ratio (old
worker at the time of the experiment) and immune response (see
text).
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Our experiment shows that control workers mounted a
lower immune response against a novel foreign body than
nonforaging workers. This result is consistent with an earlier
finding by König and Schmid-Hempel (1995), but the pres-
ent study examined a larger number of colonies and did so
under field conditions. Observing the same trend under dif-
ferent conditions in most of the colonies analyzed in the two
studies validates the generality of the conclusion that forag-
ing activity is costly with respect to immune response, even
if this effect does not appear to be strong, owing to the large
uncontrolled variation in immune response. Another impor-
tant outcome of our experiment is that within colonies, im-
mune response was lower in workers naturally infected by
C. bombi. In addition, the colony-average immune reponse
tended to increase with the maximum number of workers.
These correlations suggest that immune response might be
an indicator of the health status of workers.
Wing cutting itself was properly controlled for in our ex-
periment, but losing flight ability might have stressed the
nonforaging workers when they tried to go foraging. How-
ever, stressful conditions should decrease, not increase, im-
mune responses (Lackie 1988). Because of our experimental
design, the treatment should take effect over a short period
of time (only a few hours). The immune response against
an artificial implant has been shown to take place over a cou-
ple of hours under laboratory conditions (K. Allander and P.
Schmid-Hempel, unpublished manuscript). However, noth-
ing is known about what happens under natural conditions
when the workers have to perform their normal tasks. Over a
day, the level of foraging activity is variable among workers
(Brian 1952), and thus might have induced the higher varia-
tion in the immune response observed in control workers.
This might also have reduced the ability to detect a highly sig-
nificant effect by increasing the within-treatment variation.
Several studies have shown that the foraging activity of
bees is energetically costly, since respiration rates during
flight increase 50- to 100-fold compared with other activi-
ties, such as resting, walking, or heating up (Wolf et al.
1989; Ellington et al. 1990; Goller and Esch 1991). This de-
mand by the flight muscles must reduce the availability of
resources such as oxygen and energy in form of ATP. Both
of these resources are also involved in the prophenoloxydase
activating system that leads to encapsulation and melanization
of a foreign object (Gupta 1986). A physiological link might,
therefore, mediate the immunodeficiency, owing to foraging
activity. An interesting analogous situation exists in humans,
where excessive physical exercise has also been shown to in-
duce immunodeficiency (Fitzgerald 1988).
Surprisingly, even if genetic and environmental variation
is supposed to be low within colonies, a large amount of
variation was observed for the immune response and the in-
fection state (see Fig. 2). The predicted probability of being
infected by C. bombi was negatively correlated with the im-
mune response. Uncontrolled age variation among workers
might have induced the observed correlation. Immune re-
sponse has been shown to decrease with age (Benelli 1998),
whereas the probability of being infected by C. bombi in-
creases with age (Shykoff and Schmid-Hempel 1991). Infec-
tion might also have negative effects on the health, and
therefore on the immune response of workers. On the other
hand, workers in poor health might be more likely to be-
come infected. At the colony level, the colony-average im-
mune response tended to increase with colony size. More
resources might be available in large colonies, allowing a
higher investment in immune defense. Another explanation
could be that workers invest more in immune response in
large colonies, given that the risk of being parasitized is
known to increase with colony size (Schmid-Hempel 1998).
Whatever the causal links of these correlations, variation in
immune responses under natural conditions appears to re-
flect the health status of workers (age and (or) condition).
That the immune response could reflect individual condition
has been shown in birds in the context of sexual selection
(Zuk 1996; Møller 1997b). Birds in poor condition, mainly
because of inadequate nutrition, mounted lower immune re-
sponses than birds in good condition (Lochmiller et al. 1993;
Saino et al. 1997b; Sorci et al. 1997).
In conclusion, our study suggests that there is a variable
cost for the immune response, since temporarily increasing
the available energy by preventing foraging allowed devel-
opment of a more efficient immune response. This, there-
fore, indicated the occurrence of a trade-off between the
immune response and foraging activity. Moreover, our re-
sults showed that the immune response decreases in workers
naturally infected by an intestinal parasite. These results, as
well as those from a few other studies (for review see Shel-
don and Verhulst 1996; Ots and Horak 1996; Deerenberg et
al. 1997; Kraaijeveld and Godfray 1997; Saino et al. 1997a;
Fellowes et al. 1998a, 1998b), support the general idea that
immune defences are costly and are relevant life-history
traits (Hochberg et al. 1992; Michalakis and Hochberg 1994;
Møller 1997a). For social insects, these results could be of
major importance for understanding colony organization and
optimal task allocation among workers (for review see
Gordon 1996). Immunodeficiency in foraging workers not
only increases their probability of getting infected but, also,
increases the probability of bringing parasites into the col-
ony. From this point of view, immunodeficiency induced by
foraging activities might be as important as external risks of
foraging (such as predation) in determining foraging costs
and optimal task allocation.
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